Nitrogen is the plant nutrient most likely to limit plant growth. Research to determine the interactions of growth than N-deficient plants grown at ambient CO 2 Each main plot (CO 2 level) was split into two irrigation treatments (Cure et al., 1988; Israel et al., 1990; Mitchell et al., 1993) . experiment, nearly half of the N was applied soon after planting and was available for vegetative growth. The plants were not able to translocate sufficient N from T he concentration of atmospheric CO 2 , currently vegetative parts to produce grain. Experiments in which ෂ350 mol mol Ϫ1
growth than N-deficient plants grown at ambient CO 2 Each main plot (CO 2 level) was split into two irrigation treatments (Cure et al., 1988; Israel et al., 1990; Mitchell et al., 1993) .
to replace 100 and 50% of the potential evapotranspiration. Soil and No differences were found in leaf N concentrations of plant samples were taken for N analysis six times each year. Elevated wheat due to varying CO 2 when N levels were not lim- when CO 2 was increased (Sinclair et al., 2000) . This conditions (Cotrufo et al., 1998) . Mitchell et al. (1993) There was little variation in the concentrations of N in the aboveattributed the lower grain yields of low N wheat plants ground biomass among treatments within a sampling date. The data under high CO 2 to rapid uptake of N during the vegetasuggest elevated CO 2 may lead to rapid N uptake, which could result tive growth phase when more N was available. In their in increased early vegetative growth.
experiment, nearly half of the N was applied soon after planting and was available for vegetative growth. The plants were not able to translocate sufficient N from T he concentration of atmospheric CO 2 , currently vegetative parts to produce grain. Experiments in which ෂ350 mol mol
Ϫ1
, is increasing at a rate of 1.5 mol there is a constant supply of N throughout the growth mol Ϫ1 yr Ϫ1 (Watson et al., 1990) . A greater CO 2 concenperiod tend to have both increased biomass and intration is expected to increase the production of plant creased grain yield under elevated CO 2 (Mitchell et al., biomass. However, results from experiments on the ef-1993; Cure et al., 1988; Kimball et al., 2002) . fects of elevated CO 2 on plant growth vary widely. Plants Elevated CO 2 may cause significant changes in root (C3) increase their biomass by 0 to 37% (Cure and morphology (Rogers and Runion, 1994) . The root sysAcock 1986; Pinter et al., 1996) and yields from Ϫ40 to tems of several agronomic species have been shown ϩ400% (Kimball, 1983) in response to a doubling of to respond to increased CO 2 with more massive and the atmospheric CO 2 , depending on the conditions of branched root systems that occupy greater soil volume the experiment and the plant used. The large variability than those of plants grown under ambient conditions in response indicates the importance of the interaction (Chaudhuri et al., 1990; Del Castillo et al., 1989 ; Prior of other environmental factors with CO 2 . et al., 1995; Mitchell et al., 1993; McKee and Woodward, 1994) . In a survey of a wide range of free-air CO 2 enrich- (Hendrey, 1 June 1994 Hendrey et al., 1993; Wall and Kimball, 1993; Mauney Soil samples were taken from the top 0.3 m of soil in all et Dugas and Pinter, 1994) . The average ambient plots before planting in both years, and the plots were fertilized CO 2 concentration was 370 mol mol Ϫ1 in both years (Kimball so that nutrients were nonlimiting. Preplant applications of et al., 2001). Four replicate 25-m diameter toroidal plenum granular fertilizer supplied 5.4 g N m Ϫ2 and 2.9 g P m Ϫ2 in both rings constructed from PVC pipe with a nominal internal diamyears. On 30 Jan. 1993, a super-phosphoric acid application eter of 300 mm were placed in the field shortly after planting.
supplied an additional 1.5 g P m Ϫ2 so the total P applied was The rings had 2.5-m high vertical pipes with individual valves 4.4 g m Ϫ2 in 1992-1993 and 2.9 g m Ϫ2 in 1993-1994. Additional spaced about every 2 m around the periphery (Wall and Kim-N fertilizer as urea-ammonium nitrate solution 32% N ( Uranball, 1993; Lewin et al., 1994) . Air enriched with CO 2 was 32) was applied through drip irrigation tubes at rates of 9.2, blown into the rings, and exited through tri-directional jets in 5.9, and 7.2 g N m Ϫ2 on 30 Jan. 1993 (day of year [DOY] the vertical pipes at elevations near the top of the crop canopy. 30), 18 Mar. 1993 (DOY 77), and 5 Apr. 1993 (DOY 95), The center-to-center spacing of the rings was 90 m (Wall respectively, so the total amount of N applied to the 1992 and Kimball, 1993 . Additional information on the operating crop was 27.7 g N m Ϫ2 . Similarly Uran-32 was applied at rates parameters and performance limitations of the FACE apparaof 9.2, 6.9, and 4.6 kg N ha Ϫ1 on 3 Feb. 1994 (DOY 34), 16 tus are described by Hendrey et al. (1993) and Nagy et al. Mar. 1994 (DOY 75), and 8 Apr. 1994 (DOY 98), respectively, (1994 . The FACE treatment was applied continuously from so the total N applied to the 1993-1994 crop was 26.1 g N emergence to harvest, except the last 2 wk of January 1993 m Ϫ2 . Postplanting fertilizer applications were based on the N when enrichment was shortened to 8 h d Ϫ1 centered about content of stem samples taken 3 to 4 d before the fertilizer solar noon to conserve the CO 2 supply while heavy rains curapplications (Doerge et al., 1991) . tailed CO 2 deliveries.
Soil samples were taken on DOY 16, 23, 43, 70, 113 , and Each of the main circular FACE and Ambient plots was 148, which corresponded to the three-leaf stage, tillering, stem split into semicircular halves, with each half receiving either elongation, boot, dough development, and final harvest, rea well-watered (Wet) irrigation treatment or a water-stress spectively, in 1993 and DOY 4, 32, 63, 103, 120, and 150, which (Dry) treatment (Wall and Kimball, 1993; Hunsaker et al., 1996) . corresponded to the three-leaf stage, tillering, stem elongation, The irrigations were accomplished using a subsurface drip early milk, dough development, and final harvest, respectively, system with a tube depth of about 0.20 m, a tube spacing of in 1994 (Table 1) . At the beginning of both seasons there was 0.50 m, and an emitter spacing of 0.30 m. The Wet plots were a period of time in which no differential water treatment had irrigated after 30% of the available water in the root zone been applied; during those periods, only the Dry plots were was depleted. Plots were irrigated with an amount calculated sampled. Three soil cores were taken in each plot to a maxito replace 100% of the potential evapotranspiration since the mum depth of 1.0 m, unless otherwise specified. Sample depths last irrigation, adjusted for rainfall (Fox et al., 1992) . In 1992-were shallow early in the growing season and increased in 1993, the Dry plots were irrigated at the same time as the depth throughout the season in response to anticipated root Wet plots, but they received half as much water. , development. In 1992 , cores were divided into 0.15-m to improve uniformity of the water distribution, the Dry plots sections from the 0-to 0.60-m soil depth, and 0.20-m sections were irrigated every other time the Wet plots were irrigated from the 0.60-to 1.0-m depth. In 1993-1994, cores were divided but the amounts of the irrigations were similar. Cumulative into 0.15-m sections from the 0-to 0.30-m soil depth, a 0.30-m irrigation totals between emergence and harvest for the Wet section from the 0.30-to 0.60-m depth, and into a 0.40-m treatments were 600 and 620 mm for 1992-1993 and 1993- section from the 0.60-to 1.0-m depth except for the last sam-1994, respectively. For the Dry treatments, irrigation totals pling date in which the 1992-1993 system was used. Samples were 275 and 257 mm. Cumulative rainfall during the same were stored under refrigeration (4ЊC) until the samples were periods was 76 mm for 1992-1993 and 61 mm for 1993-1994. In both years of the study, the crop was planted in east-west processed, usually within 48 h. Irrigation and CO 2 treatments did not result in large and a second subsample was extracted with 2 M KCl using a differences in soil N levels ( Fig. 1 and 2 ). While differ-1:5 (w/v) extraction ratio (Keeney and Nelson, 1982) . Samples ences were not statistically significant throughout most were shaken for 2 h, centrifuged, and decanted to separate of the growing season, the levels of mineral N in the the soil from supernatant. Ammonium and nitrate concentrasoil were the same or lower in the FACE plots than in tions of the extracts were determined colorimetrically (Adamthe Ambient plots in almost all cases ( Fig. 1 and 2) . 
Three Leaf Stage and Tillering
In 1992-1993, plants were sampled for N concentrations
In 1992-1993, FACE plots tended to be lower in soil from the 86 mm of row taken from above the root cores mineral N on the DOY 16 and DOY 23 sampling dates collected as described by Wechsung et al. (1999) on DOY 12, at all sampling depths (Fig. 1a, 1b) . Day of year 16 and 32, 61, 90, 111, and 139, and in 1993-1994 on DOY 4, 25, 67, DOY 23 corresponded to three leaf stage and tillering, 102, 116, and 145 (Table 1) . They were separated into leaves, respectively (Table 1) . Only a broadcast preplant applistems, and heads and dried at 60ЊC, then weighed. Samples were cation of fertilizer had been made before these dates analyzed for total N using an elemental analyzer (NA1500 (Fig. 3) . The comparable plant sampling dates were Series 2, Carlo Erba Instruments, Rodano, Italy). All of the plant sampling dates were the same as those of Pinter et al.
DOY 12 and DOY 32, which was 13 d longer than (1996) by DOY 32 the difference was not significant (Fig. 4) . (Table 1) .
and DOY 32 (Fig. 5). The differences in N concentration
Statistical analyses were performed using PROC GLM of biomass among treatments within a sampling date (General Linear Model Procedure) in SAS version 6.10 (SAS were never significant.
Inst., 1987). The main effect was split into a nonrandomized
In 1993-1994, the soil mineral N was lower on DOY irrigation effect, which required the data to be analyzed as a 4 and DOY 32 than in the first two sampling dates in strip-split plot design with four replications. In a strip-split 1992-1993 (Fig. 1a, 1b, 2a , 2b, and 3; note scale differplot design three error terms are used for statistical tests unlike ence between Fig. 1a and Fig. 2a ). As in 1992-1993, a split plot design, which uses only two error terms. The error the first two sampling dates for both soil and plants used for evaluating the main CO 2 effect was the CO 2 ϫ rep 1993-1994 corresponded to three-leaf stage and tillerinteraction, the irrigation effect was tested using the irrigaing. The differences in soil mineral N between FACE tion ϫ rep interaction, and the CO 2 ϫ irrigation interaction and ambient plots were similar in both years during the was tested using the residual error, which in this case is the early part of the growing season. In 1993-1994, there rep ϫ CO 2 ϫ irrigation interaction. Statistical differences and were statistically significant CO 2 effects on soil N in the least square means comparisons were performed for sampling first two soil sampling dates (Fig. 2a, 2b) . The aboveeach date and soil depth. The CO 2 ϫ irrigation interactions were not significant.
ground biomass N content of the ambient plots was higher than that of the FACE plots until DOY 67, stem left in Fig. 3a and 3b, in 1992-1993 than 1993-1994 . The fertilizer application was made 13 d before DOY 43 soil elongation. Unlike 1992-1993, there was no fertilizer applied before the second plant sampling date on DOY sampling date in 1992-1993 and 29 d before the DOY 63 in [1993] [1994] . The difference between years may re-32. Wechsung et al. (1995 Wechsung et al. ( , 1999 found that root dry mass was more than 20% higher in FACE plots than flect the difference in fertilization as well as the higher initial concentrations of soil mineral N in 1992-1993 in ambient plots on DOY 4 and DOY 25. The more than in 1993-1994 (Fig. 1a, 2a) . At stem elongation, extensive root system of the FACE plants may account mineral N concentrations in the FACE plots were lower for the lower soil mineral N content on the first two than those in the corresponding Ambient plots at all soil sampling dates. depths even though the CO 2 effect was significant at only one depth in each year (Fig. 1c, 2c) . In 1992-1993,
Stem Elongation
the plant samples were taken 18 d after the soil samples An application of fertilizer was made on DOY 30 in and in 1993-1994, plant samples were taken 4 d after 1993 and DOY 34 in 1994 (Fig. 3) , which was between the soil samples. Differences in the total aboveground the second and third soil sampling dates in both years biomass N on the third sampling date were small, not (Table 1) . The third sampling date corresponded to stem significant, and not consistent across years (Fig. 4) . The elongation. The drip irrigation system placed the fertilconcentration of N in the biomass continued to decline izer approximately 0.20 m below the soil surface. All between the second and third plant sampling dates sampling dates after the first fertilizer application in (Fig. 5) . At the third plant sampling date, Wechsung et both years show a peak in the soil mineral N concentraal. (1999) found that the root dry mass was 37% higher tions for one or more treatments between 0.3 and 0.5 m in the FACE treatment than the ambient treatment. (Fig. 1 and 2) . Soil mineral N concentrations were higher
The enhanced root system in the FACE treatments, which provided an increased ability to take up N, may at stem elongation, which are the third points from the explain the lower concentration of soil mineral N at DOY 75 and the second on DOY 98. On the fourth soil some depths in the soil. The mineral N concentrations sampling date in 1993, DOY 70, the concentration of of the Wet treatments tended to be lower than the soil mineral N was lower throughout the profile than corresponding Dry treatments in both years, although on the fourth sampling date in 1994, DOY 103 (Fig. 1d , differences were small and not significant (Fig. 1c, 2c) . 2d), which was probably a result of the difference in In previous studies, no differences were detected in soil time of soil samples and fertilizer application between water content or water use between the Wet and Dry the growing seasons. On the fourth soil sampling date, treatments through stem elongation (Hunsaker et al., the plots in both FACE treatments were lower in min-1996) nor any differences found in aboveground bioeral N than those from the comparable Ambient treatmass between wet and dry treatments (Pinter et al., ments in both years. There was a significant effect due 1996), which would also explain the lack of response of to increased CO 2 on the mineral N of the surface layer soil mineral N to irrigation treatment.
in both years (Fig. 1d, 2d) as well as the total soil mineral N in the top 0.30 m of soil (Fig. 3) . Soil mineral N in
Early Milk Stage
the top 0.30 m of soil was Ͻ2 g m Ϫ2 at early milk (Fig. 3a) , which may have been low enough to cause some N The fourth soil sampling date was DOY 70 in 1993 stress during the 1992-1993 growing season. In 1993, and DOY 103 in 1994, which corresponded to boot and the irrigation effect was significant for the 0.15-to early milk, respectively (Table 1 ). In 1993, there were 0.30-m depth on the DOY 70 soil sampling date, which no fertilizer applications between the third soil sampling may have been the result of redistribution of nitrate by date on DOY 43 and the fourth soil sampling date on irrigation water in the Wet treatments. Plant samples DOY 70. In 1994, there were two fertilizer applications were taken on DOY 90 in 1993, 20 d later than soil between the third soil sampling date on DOY 63 and the fourth soil sampling date on DOY 103, the first on samples, and DOY 102 in 1994, 1 d earlier than the soil samples. The plant sampling date in both years was at (Fig. 1e) , and on DOY 120 in 1993-1994, there were no early milk stage. There was one application of fertilizer differences in soil mineral N concentrations between between the third and fourth plant sampling dates in treatments (Fig. 2e) . Soil mineral N decreased in the 1993 and two fertilizer applications in 1994 (Fig. 4) .
top 0.30 m of soil between boot and dough stage in both The aboveground biomass N was not different among years in all of the treatments except FACE Dry, even treatments in either year on the fourth plant sampling though there had been two fertilizer applications be- (Fig. 4) , and the amounts of N were comparable between tween the two sampling dates in 1992-1993 (Fig. 3a) . years, even with the differences in timing of fertilizer In both years, there was an increase in the aboveground applications between years. Wechsung et al. (1995 Wechsung et al. ( , 1999 biomass N (Fig. 4) between early milk and the dough reported 7% higher root dry mass in the FACE treatstage. Changes in both soil and plant N between the ments than in the ambient for the same sample dates, fourth and fifth sampling dates indicate uptake of N although the difference in root dry mass was not signifiafter anthesis. In 1993, CO 2 significantly affected the cant. Root growth appeared to be near its maximum at aboveground biomass N on the DOY 111 plant sampling early milk (Wechsung et al., 1999) .
date; in 1994, the irrigation effect was significant on the DOY 116 plant sampling date. Differences in evapo-
Dough Stage
transpiration among treatments became significant between anthesis and dough stage (Hunsaker et al., 1996) On DOY 113 in 1993, at the dough stage there was no clear trend in the soil mineral N concentrations as did accumulations in aboveground biomass (Pinter effect of deficit irrigation reduced evapotranspiration (Hunsaker et al., 1996) and plant growth (Pinter et al., 1996) , which also reduced demand for soil N. Root dry mass also declined in all treatments between dough stage and final harvest (Wechsung et al., 1995 (Wechsung et al., , 1999 , which also reduced demand for soil N. In 1992-1993, the soil mineral N in the top 0.30 m of soil increased between the last two sampling dates for all treatments except FACE Dry (Fig. 3a) , but remained unchanged in 1993-1994 (Fig. 3b) . In 1993, the aboveground biomass N was either constant or dropped slightly between the last two plant sampling dates (Fig. 4a) ; in 1994, the aboveground biomass N increased in all treatments except FACE Wet during the same period. The increase in soil mineral N in the Dry plots between the last two soil sampling dates (Fig. 3 ) may indicate the start of decomposition of the root system of the maturing plants.
Plants in the FACE plots also matured 4 d earlier than the ambient plots as a result of higher canopy temperatures, which sped up the development Pinter et al., 1996 Pinter et al., , 2000 , but the small difference in development between FACE and ambient did not appear to be great enough to affect the soil mineral N.
The concentration of N in the aboveground biomass declined from 65 g kg Ϫ1 in 1992-1993 and 54 g kg Ϫ1 in 1993-1994 on the first plant sampling date at the threeleaf stage to 16 g kg Ϫ1 on the last plant sampling date at final harvest (Fig. 5) . The trend on the first three plant sampling dates was for the plants from the FACE plot to have lower concentrations of N than those from the ambient plots in both years, which was consistent with the results reported by Cotrufo et al. (1998) . At the last three plant sampling dates the differences between CO 2 treatments were smaller than those earlier in the growing season. The two N fertilizer applications made after DOY 70 in both years appear to have reduced the difference in N concentrations between the et al., 1996) , which corresponded to the differences in ground plant material and reduce the effect of CO 2 on aboveground biomass N. In response to CO 2 and irrigaplant N concentrations. tion, aboveground biomass N tended to be lower in the Dry treatments in both years than in the Wet treatments CONCLUSIONS and higher in FACE treatments than ambient treatments.
In both years of the study, soil mineral N levels tended
Final Harvest
to be lower in plots that were exposed to elevated CO 2 (FACE), but the differences were small and not statistiBy the final harvest soil sampling dates, which were cally significant until near the end of the growing season. DOY 148 in 1993 and DOY 150 in 1994, the soil mineral After anthesis (ෂDOY 80 in 1993 and ෂDOY 90 in 1994 ) N concentrations of the Dry treatments were signifiin plots that received deficit irrigation, soil mineral N cantly higher than those of the Wet treatments at most levels tended to be higher than in those plots receiving depths (Fig. 1f, 2f) . The mineral N content of the soil adequate irrigation. Total aboveground biomass N tended was higher in the top 0.3 m of soil in the Dry treatments to be higher, but not significant in plots that were exthan in the Wet treatments at final soil sampling date posed to elevated CO 2 than in the ambient plots. The in 1993 but not in 1994 (Fig. 3) . The last plant sampling trajectory of the aboveground biomass N through the dates, which corresponded to final harvest, were DOY growing season was reversed from that of the soil min-139 in 1993 and DOY 145 in 1994. At final harvest in eral N in the top 0.3 m of the soil, suggesting that aboveboth years, the aboveground biomass N was higher in ground biomass N could account for at least some of the Wet treatments than in the Dry treatments, but the seasonal change in soil mineral N. However, the the difference was significant only in 1993. During the period from dough stage to final harvest (Table 1) , the large increase in root dry mass in plots exposed to ele- differences in evapotranspiration (Hunsaker et al., 1996) Doerge, T.A., R.L. Roth, and B.R. Gardner. 1991. Nitrogen fertilizer and total biomass (Pinter et al., 1996) widely between treatments. The concentration of N in
